Aims Although it is well known that fire acts as a selective pressure shaping plant phenotypes, there are no quantitative estimates of the heritability of any trait related to plant persistence under recurrent fires, such as serotiny. In this study, the heritability of serotiny in Pinus halepensis is calculated, and an evaluation is made as to whether fire has left a selection signature on the level of serotiny among populations by comparing the genetic divergence of serotiny with the expected divergence of neutral molecular markers (Q ST -F ST comparison). † Methods A common garden of P. halepensis was used, located in inland Spain and composed of 145 openpollinated families from 29 provenances covering the entire natural range of P. halepensis in the Iberian Peninsula and Balearic Islands. Narrow-sense heritability (h 2 ) and quantitative genetic differentiation among populations for serotiny (Q ST ) were estimated by means of an 'animal model' fitted by Bayesian inference. In order to determine whether genetic differentiation for serotiny is the result of differential natural selection, Q ST estimates for serotiny were compared with F ST estimates obtained from allozyme data. Finally, a test was made of whether levels of serotiny in the different provenances were related to different fire regimes, using summer rainfall as a proxy for fire regime in each provenance. † Key Results Serotiny showed a significant narrow-sense heritability (h 2 ) of 0 . 20 (credible interval 0 . 09 -0 . 40). Quantitative genetic differentiation among provenances for serotiny (Q ST ¼ 0 . 44) was significantly higher than expected under a neutral process (F ST ¼ 0 . 12), suggesting adaptive differentiation. A significant negative relationship was found between the serotiny level of trees in the common garden and summer rainfall of their provenance sites. † Conclusions Serotiny is a heritable trait in P. halepensis, and selection acts on it, giving rise to contrasting serotiny levels among populations depending on the fire regime, and supporting the role of fire in generating genetic divergence for adaptive traits.
INTRODUCTION
Wildfires have occurred in many ecosystems for millennia (Pausas and Keeley, 2009) , and species from fire-prone ecosystems possess traits conferring fitness benefits under recurrent fires (Keeley et al., 2011) . These traits vary among populations subjected to different fire regimes Hernández-Serrano et al., 2013) . To unravel whether this divergence is the product of a selective process, it is necessary to demonstrate that traits conferring fitness are heritable. Narrow-sense heritability (h 2 ) and quantitative genetic differentiation of phenotypes among populations (Q ST ; Spitze, 1993) are key parameters to describe the genetic architecture of quantitative traits (Falconer and Mackay, 1996) . The divergence of a given trait among populations can be interpreted as the result of diversifying selection when it is higher than the differentiation expected under a neutral process (Leinonen et al., 2008) . In other cases, lower differentiation than expected may indicate uniform selection or trait canalization (Lamy et al., 2012) . The neutral expectation for trait divergence is usually provided by another statistic known as neutral genetic differentiation (typically F ST ; Wright, 1951) which is calculated with data from putatively neutral molecular markers; it quantifies neutral forces such as gene flow or genetic drift. Thus, Q ST -F ST comparisons provide information about whether the divergence/convergence of traits among populations can be caused by selective processes or not. Despite the role of fire acting as a selective pressure shaping plant phenotypes has been repeatedly evoked (e.g. Keeley et al., 2011 Keeley et al., , 2012 , little is known about the genetic basis of fire traits (Budde et al., 2014; Moreira et al., 2014) . In fact, there are neither quantitative estimations of heritability nor information about the quantitative genetic differentiation of any trait related to the regeneration under recurrent fires. This lack of information on the genetic basis of trait variability is limiting our understanding of fire as an evolutionary process .
A trait clearly associated with fire is serotiny, which is the prolonged storage of mature seeds in a canopy seedbank. This seedbank is released in response to an environmental trigger, mainly the heat from a fire (Lamont et al., 1991) . Serotiny provides fitness benefits in fire-prone environments because it induces massive seed dispersal in a favourable post-fire seed bed (Keeley et al., 2011 (Keeley et al., , 2012 . There are many studies showing that different fire regimes produce variability in the degree of serotiny, with higher serotiny under recurrent crown fires (see the meta-analysis in Hernández-Serrano et al., 2013) . In addition, phylogenetic analyses have reconstructed serotiny as an ancestral character linked to an ancient fire regime (He et al., 2011 (He et al., , 2012 . Altogether these findings support a selective role of fire on serotiny levels. Moreover, previous studies have supported that serotiny is under genetic control (Rudolph et al., 1959; Lotan, 1967; Teich, 1970) , and recent works using association genetics and molecular techniques have provided evidence on the polygenic genetic architecture of serotiny (Parchman et al., 2012; Budde et al., 2014) . However, although these results point towards serotiny as a heritable trait which has been selected by fire, there is no specific quantitative genetic study estimating its heritability or quantitative genetic differentiation.
Here, we estimate narrow-sense heritability and genetic differentiation of serotiny in Pinus halepensis, a pine living in fireprone ecosystems of the Mediterranean Basin (Ne'eman and Trabaud, 2000), using a provenance -progeny common-garden trial. Common-garden trials of forest trees are a useful tool to determine the evolutionary potential of plant species because the uniformity of environmental conditions allows a focus on genetically based differences of the evaluated traits. Specifically, provenance -progeny trials allow quantification of the genetic variation of phenotypic traits both between and within populations. Previous research on P. halepensis has shown that the serotiny level is related to recent disturbances (Goubitz et al., 2004) , and that populations under high crown-fire recurrence have a higher proportion of serotinous cones than populations where fires are rare (Hernández-Serrano et al., 2013 (Leinonen et al., 2013) . We hypothesize that fire drives a divergent selection (Q ST . F ST ) towards high levels of serotiny in populations subjected to high recurrent fires.
MATERIALS AND METHODS

Study site and sampling procedure
This study was carried out in a Pinus halepensis provenanceprogeny common garden, located in inland Spain (Megeces, Valladolid, 4833 ′ 30 ′′ W, 41825 ′ 18 ′′ N; Fig. 1 ). The trial was established in 1995 with 1-year-old seedlings at a spacing of 2 . 5 × 2 m in a randomized complete block design with seven blocks. It is composed of 145 open-pollinated families (expected half-sib family structure, see below) of 29 provenances covering the entire natural range of P. halepensis in the Iberian Peninsula and Balearic Islands (Fig. 1) . When establishing the trial, the mothers of the progenies were not selected for any trait and therefore this experiment is suitable for the study of evolutionary processes without any genetic bias. The trial site is located at 779 m elevation on a dry shallow calcareous soil with ,15 % slope. The average temperature is approx. 12 8C and the annual rainfall reaches 413 mm (66 mm of rainfall during the summer). Even though the trial is located outside the natural distribution of the species (Fig. 1) , the existence of extensive P. halepensis plantations surrounding it (for erosion control) shows that the species can thrive in the area.
In October 2011, we sampled 29 provenances each of which was composed of five families and each family comprising 4 -14 trees (see Supplementary Data Table S1 ), yielding a total of 1375 trees of 17 years old. Of these trees, 1227 (89 %) had reached reproductive maturity (having from 1 to 151 cones) and thus these were the trees considered in all subsequent analyses. All open and closed cones borne by each tree were counted, except the last two cohorts (easily distinguishable by their green and reddish-brown colour), which were discarded because it is not possible to know whether they would later become serotinous or not. Thus, the serotiny level for each tree was estimated as the proportion of closed cones (after full maturation) with respect to the total fully ripe (open and closed) cones.
For serotiny to be a good indicator of the potential capacity to regenerate after fire it should reflect the amount of seeds in the canopy seed bank. This would not be the case if there was a negative relationship at the provenance level between serotiny and the number or quality of seeds in the serotinous cones. To evaluate this trade-off, we compared serotinous cones of the three least and the three most serotinous provenances. For this purpose, we collected six serotinous cones in each of five individuals (one per family; total of 30 cones per provenance), and counted and weighed the seeds in each cone.
Data analyses
To ensure that serotiny variation among populations was not biased by the environmental conditions of the trial site, we compared the serotiny levels with the environmental distances between the trial site and the conditions of origin of each provenance (for a similar procedure, see Rutter and Fenster, 2007; Climent et al., 2008) . Climatic data were obtained from the model by Gonzalo et al. (2010) for all provenances except for the three Balearic islands for which data were not available (see Supplementary Data Table S1 ). We first calculated the Gower's distance between climatic variables of each provenance and those of the trial site, and then we correlated the serotiny level of each provenance with its environmental (Gower) distance. This correlation was not significant (Pearson r ¼ 0 . 24, P ¼ 0 . 24), indicating that the particular environment of the trial site did not differentially affect the level of serotiny of the evaluated provenances.
Narrow-sense heritability (h 2 ) and genetic differentiation among populations (Q ST ) for serotiny of the 29 provenances were derived from an 'animal model' fitted by Bayesian inference with the version 2 . 17 of package MCMCglmm (Hadfield, 2010) for R. Because serotiny was defined as the proportion of closed cones in relation to total cones at tree level, we assumed a logit link function and binomial error distribution. 
The pedigree was constructed with known mothers (trees from which the seeds were collected) and unknown fathers and assuming that both mothers and fathers were unrelated. This assumption was possible because seeds had been sampled in trees (mothers) separated by at least 30 m, and previous studies on species of the genus Pinus (e.g. De Lucas et al., 2009 ) and our preliminary data on P. halepensis suggest that the spatial genetic structure is only significant at short distances (,30 m). Regarding father trees, the probability of two individuals sharing the same parent is very low in anemophyllous forest trees such as P. halepensis. In any case, to evaluate the sensitivity of this assumption, we recomputed heritability and the Q ST estimate simulating a scenario with approx. 18 % of the individuals being full-sibs, which is an extreme value compared with the observations for closely related pine species (Gaspar et al., 2009) . Specifically, we estimated family variance with a Bayesian mixed model including family as a random factor. Then, we inferred additive genetic variance for a scenario where, on average, 1 . 5 trees per family (18 %) were full-sibs and the rest half-sibs (82 %), corresponding to a relationship coefficient of 1/3 . 6 (because full-sibs share half of their genes and half-sibs share a quarter). Thus, additive genetic variance was calculated as 3 . 6 times the family variance. In the 'animal model', we used parameter expanded priors for the variance components, being the normally distributed working parameter prior, with a mean of 0 and a variance of 1000. The location effect prior was inverse-Wishart distributed, forming a scaled non-central F distribution, with a degree of belief parameter and a limit variance of 1. Models were run for 6 050 000 iterations, discarding the first 50 000 and sampling every 6000, yielding a population of 1000 estimates, and ensuring a low autocorrelation (,0 . 10). To assess model convergence, the model was run twice with overdispersed starting values. Because the Gelman -Rubin statistic was very close to 1 (i.e. suggesting chain convergence), we only report the results [h 2 , Q ST ; and 95 % credible intervals (CIs)] of the first model fit.
To determine whether genetic differentiation for serotiny is the result of differential natural selection, we compared Q ST estimates for serotiny with F ST estimates based on the 13 provenances that were studied by Agúndez et al. (1999) using the allozyme data (five loci, average of 50 individuals per population). F ST distribution was derived from 1000 bootstraps over allozyme loci. Q ST distribution was obtained directly from Bayesian MCMC models either fitted to the full phenotypic dataset (29 provenances) or restricted to the 13 above-mentioned populations. The Q ST -F ST comparison was carried out comparing the 95 % CIs (Sahli et al., 2008) as well as comparing the Q ST and F ST distributions following the procedure outlined in Whitlock (2008) . For this latter method, we used each of the 1000 F ST bootstraps to calculate the predicted x 2 F ST distribution using the Lewontin -Krakauer approach. Then, for each F ST distribution, we recorded the tail probability of a Q ST value drawn at random from the Q ST distribution (see above), and tail probabilities were averaged over the 1000 replicates to obtain the test of neutrality for serotiny (see further details in Whitlock 2008 Whitlock , p. 1894 .
Given that in the study area summer rainfall is negatively related to annual area burned (Pausas, 2004; Pausas and Paula, 2012) , we used summer rainfall as a proxy of fire regime in each provenance. Serotiny in the provenance -progeny trial was related to summer rainfall of the populations by fitting a generalized linear model with binomial distribution of errors using the lme4 package for R (Bates et al., 2011) . In this model, the serotiny level was the dependent variable, summer rainfall was a fixed factor and family nested within provenance was considered as a random factor. To test whether this relationship is not confounded by geographic distance, we carried out a partial Mantel test between dissimilarity in serotiny and dissimilarity in summer rainfall (among provenances), controlling for the effect of geographic distance, using the vegan package for R (Oksanen et al., 2013) .
To test whether values of serotiny may be balanced by the quantity or quality of the seeds, we fitted the number of seeds per cone and the weight of the seeds against serotiny in two different linear mixed models where the proportion of serotiny was a fixed factor and individual nested within provenance a random factor. These models were fitted using the nlme package (Pinheiro et al., 2012) .
RESULTS
The serotiny level of 1227 individuals ranged from 0 to 100 % and showed a mean value of 60 . 37 % (s.d. ¼ 35 . 60). At provenance level, serotiny ranged from 24 . 59 to 90 . 69 %, with high within-provenance variability and a mean value of 59 . 48 % (s.d. ¼ 18 . 75; Fig. 2 ; see Supplementary Data Table S1 ).
Serotiny showed a significant narrow-sense heritability (h 2 ) of 0 . 20 (CI 0 . 09-0 . 40) and a significant genetic differentiation (Q ST ) of 0 . 32 (CI 0 . 17 -0 . 60). Neutral genetic differentiation (F ST ) calculated using allozymes for 13 populations of the provenance -progeny trial was 0 . 12 (CI 0 . 09-0 . 15) (as recomputed from Agúndez et al., 1999) . The Q ST for these 13 populations was 0 . 44 (CI 0 . 15-0 . 76), which is not significantly different from that obtained with all the 29 provenances. Genetic differentiation for serotiny (Q ST ) was significantly higher than expected under a neutral process (F ST ) when comparing either the CIs (which do not really overlap) or the distribution of values (P ¼ 0 . 02; Whitlock's procedure). If we calculate heritability and Q ST simulating a new scenario with a very high proportion of full-sibs (18 %), we obtain a heritability of 0 . 17 (CI 0 . 07-0 . 31) and genetic differentiation among populations (Q ST ) for serotiny of 0 . 40 (CI 0 . 21-0 . 63); these values are not different from our initial results.
The serotiny level of trees in the common garden was significantly related to the summer rainfall (a proxy of fire regime) of their provenance sites (Fig. 3) . The negative relationship between both variables (estimate + s.e. ¼ -0 . 016 + 0 . 003, P , 0 . 001) indicated a higher levels of serotiny in those provenances with lower summer rainfall, i.e. with higher expected activity of crown fires. Removing the most extreme value in rainfall dissimilarity matrices, while controlling for the effect of geographic distance, was significant (Pearson's r ¼ 0 . 33, P ¼ 0 . 001), indicating that the relationship between serotiny and summer rainfall is not confounded by geographic distance. The two groups of different serotiny levels (the three least and the three most serotinous provenances) showed no significant differences either in total seed weight per cone (P-value ¼ 0 . 50; overall mean ¼ 1 . 53 + 0 . 68 g) or in number of seeds per cone (P-value ¼ 0 . 58; overall mean ¼ 75 . 16 + 23 . 06). This suggests that the higher proportion of serotinous cones in populations subjected to high recurrent fires was not counterbalanced by a lower number or weight of seeds per cone.
DISCUSSION
Although previous studies have explored the genetic basis of serotiny in different pine species, our study in a P. halepensis provenance -progeny trial is the first providing a quantitative estimation of heritability and genetic differentiation for this trait. Rudolph (1959) identified the frequencies of Pinus banksiana trees bearing serotinous and non-serotinous cones in a progeny test to describe the genetic control of serotiny, and Teich (1970) described it in natural populations of lodgepole pine (Pinus contorta). Both studies suggested that serotiny was a heritable trait probably governed by two alleles of a single gene. However, recent genome-wide association genetic studies that link serotiny with underlying molecular variation have highlighted that this trait has a more complex genetic architecture than previously thought, with many unlinked loci contributing to phenotypic variation of serotiny (P. contorta, Parchman et al., 2012; P. pinaster, Budde et al., 2014) , thus showing the need for a quantitative genetics approach.
The relationship between serotiny and fire regime has been widely explored, especially in pines (see review by Hernández-Serrano et al., 2013) . Despite the fact that dry winds might facilitate cone opening and seed dispersal (Nathan et al., 1999) , the driver that produces large gaps ensuring reproduction and an increase in population size is linked to fire (Pausas et al., 2004; Keeley et al., 2011) . In P. halepensis, despite the existence of high within-population variability of serotiny levels, populations under recurrent fire regimes are more serotinous than those subjected to infrequent fires (Hernández-Serrano et al., 2013) . Similarly to observations in wild populations, individuals in the common garden showed variable serotiny levels both within and among provenances (Fig. 2) . Genetic differentiation estimates showed that variability of serotiny among provenances was substantial (Q ST ¼ 0 . 32), in comparison with other studies with pine species where 32 of 39 Q ST estimates for different traits were ,0 . 32 (range: 0 . 006 -0 . 97; see details in Supplementary Data Table S2 ). However, genetic differentiation among provenances for serotiny was still lower than the variation among families within provenances. The presence of additive genetic variation within populations (h 2 ¼ 0 . 20; CI 0 . 09-0 . 40) enables short-term evolutionary change responding to natural selection. Moreover, the lower neutral (F ST ) than quantitative (Q ST ) genetic differentiation found among provenances suggests that there is a spatially divergent selection on serotiny, giving rise to provenances with contrasting levels of serotiny. Significantly, we have been able to link these divergent serotinous strategies shown in the commongarden trial with the fire regime in the provenance sites (Fig. 3) . In addition, the comparison of the Q ST -F ST difference of this study with that of 53 studies performed in different plant species [51 studies compiled by De Kort et al. (2013) and two additional studies with pine species that provide Q ST and F ST values (Mahalovich and Hipkins, 2011; Lamy et al., 2012) ] shows that our Q ST -F ST difference is relatively high (81 % of the Q ST -F ST differences presented by these studies were below our value).
Several explanations may help to understand why despite divergent selection among provenances, there is high variability in serotiny within provenances (Fig. 2) . For instance, gene flow might preclude the fixation of the trait even in the presence of strong selection (Pannell and Fields, 2014) . Although average seed dispersal is relatively low in P. halepensis (,20 m; Nathan et al., 2000) , long-distance seed dispersal events (.500 m) have also been reported (Steinitz et al., 2011) , and gene flow by pollen can reach hundreds of kilometres in conifers (Kremer et al., 2012) . In addition, selection only favours the evolution of invariant phenotypes if individuals experience the same conditions throughout their life span (Bradshaw, 1965; Givnish, 2002) . Therefore, temporal and spatial variation in fire recurrence could also explain the variation of serotiny at the population level, allowing the emergence of some offspring in fire-free periods or fire-free locations through gap dynamics unrelated to fire. In any case, our data show that within-population variability in serotiny levels is not masking the differences between populations under different fire regimes.
There are limitations regarding Q ST -F ST comparisons based on common gardens. There is little information on maternal effects in conifers (Zas et al., 2013) , but it is widely known that maternal effects generally appear at early ontogenetic stages, affecting early life traits such as seed mass, germination rate and seedling growth (Castro et al., 2008; Donohue, 2009; De Kort et al., 2013) . Accordingly, maternal effects should not greatly affect serotiny, because it is expressed when individuals are mature (in our case study, measurement took place in 17-year-old trees). Marker type may overestimate F ST values if markers are non-neutral, or underestimate it when highly polymorphic markers are used. The fact that some allozymes could be non-neutral (with a low mutation rate) would suggest a possible overestimation of the F ST value. Given that in our case the Q ST estimate is higher than F ST , our estimation of the significant effect of natural selection acting on serotiny would be conservative. Moreover, non-additive genetic interactions, such as functional epistasis, may affect Q ST -F ST estimates because serotiny is controlled by several genes (Parchman et al., 2012; Budde et al., 2014) . Antagonistic effects between loci in epistatic interactions can modify the Q ST -F ST difference by decreasing Q ST values; therefore, our comparison would be conservative in this case too. Finally, a significant negative relationship was found between the serotiny level of trees in the common garden and summer rainfall (a proxy of fire regime) of their provenance sites, supporting spatially divergent selection on serotiny.
In conclusion, serotiny is a heritable trait in P. halepensis and selection acts on it, giving rise to contrasting serotiny levels among populations depending on the fire regime. In provenances where crown fires are rare and recruitment is independent of fire, trees have lower serotiny than in provenances growing under high crown fire recurrence. Nevertheless, high levels of withinpopulation genetic variation for this trait can foster evolutionary responses to changes in fire regime. This study provides the first quantitative estimate of inheritance of a trait related to plant persistence under recurrent fires, confirming the role of fire in generating phenotypic divergence and, ultimately, driving local adaptation.
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